a constant current of 0.5 mA cm
2
, disassembled in an Ar-filled glove box, and then washed with DME solvent to minimize the amount of a residual Na salt. The washed Na metal was dried and transferred into the XPS chamber without being exposed to air. XPS spectra were obtained without Ar + sputtering.
Computational conditions. Electron affinities (EAs) of anions were evaluated with the B3LYP hybrid functional [1] combining Dunning's correlation-consistent double-zeta plus polarization type basis set with diffuse functions (aug-cc-pVDZ) [2] [3] [4] . Adiabatic EAs with geometric relaxation effects upon one-electron reduction were considered. Solvent effect was taken into account using the integral-equation formalism polarizable continuum model (IEFPCM) with the relative permittivity of 7.55, corresponding to DME. Convergence of geometries were confirmed with the energy difference of 0.3 meV or smaller. DFT calculations were performed using the Gaussian 16 program package [5] .
The free energy surfaces (FESs) for the dissociation of NaBPh4 and NaFSA ion pairs in DME were evaluated via the divide-and-conquer density-functional tight-binding molecular dynamics (DC-DFTB-MD) simulations [6, 7] . The system consists of one NaBPh4 (or NaFSA) and 94 (95 for NaFSA case) DME at the molarity of 0.1 M containing 1550 (1530 for NaFSA case) atoms in a cubic simulation box with three-dimensional periodic boundary condition. The DFTB3 method was employed with the 3OB parameter set [8] [9] [10] .
Since the DFTB parameters for boron were not available in the 3OB parameter set, we have newly extended the parametrization using the automatized DFTB parametrization toolkit [11] , in combination with the previously reported electronic parameter [12] . The resulting parameters give excellent performance as shown below.
Grimme's DFT-D3 dispersion correction with the Becke-Johnson damping scheme [13, 14] was applied. The DC method with 5 × 5 × 5 Å cubic grids, resulting ca. 200 subsystems, and the buffer radius of 5 Å was employed to accelerate calculations. The equilibration and production runs were carried out under the NVT ensemble (T = 300 K) controlled by the Andersen thermostat. The velocity Verlet integrator with a time step of 1.0 fs was utilized in conjunction with the RATTLE method [15] . The well-tempered metadynamics (WTmetaD) [16] was employed to accelerate simulations. As the collective variables (CVs) of one-dimensional WTmetaD characterizing the dissociation events in NaBPh4 and NaFSA, the distance between Na and B (i.e., the central atom
 ) and that between Na and N (i.e., the central atom of [FSA]  ) were selected, respectively.
The initial height and width of the Gaussian function for the biasing potential were set to 0.60 kcal mol 1 and 0.3 Å, respectively. Note that the initial Gaussian height corresponds to the thermal energy at 300 K, and the Gaussian width was obtained from the standard deviation of CV in CIP.
The Gaussian biasing potential was deposited every 100 fs. The bias factor of WTmetaD was set to 15.
To analyze the effects of the structural fluctuations of solvents on the ion-pair dissociation, twodimensional FES for CV and the coordination number between Na and DME was calculated on the basis of the reweighting method for WTmetaD [17] , where the coordination number is defined as the rational form as a function of the distance [18] between Na and O atoms of DME with the cutoff distance of 3.5 Å. Here, the weighted two-dimensional histograms for CV and the coordination number were calculated from multiple biased trajectories using the reweighting method, and the resulting histograms were statistically averaged with weighted histogram analysis method (WHAM) [19] . After unbiased equilibration run for 20 ps with DC-DFTB-MD starting from the initial structure of CIP, 120 biased trajectories with different random seeds for the (stochastic) Andersen thermostat were generated from DC-DFTB-WTmetaD for 100 ps during which the weighted histograms were calculated. The resulting parameterization gives the bond dissociation energy of 75.58 kcal mol
1
, which is very close to the reference value of 74.83 kcal mol 1 , and the B-C bond distances of the two molecules (listed in Table S1 ) are well reproduced. The mean absolute percentage error of the vibrational frequencies of the two molecules are also within 5% comparing to the DFT values. 1 M NaPF6/diglyme [20] 0.5 1 300 99.9 (after precycling) 4 M NaFSA/DME [21] 1 1 -99%
2.1 M NaFSA/DME-BTFE [22] 1 1 400 98.95%
1 M NaFSA/FEC [23] 0.28 0.56 100 94% Figure S1 . Ionic conductivity of DME electrolytes at various concentrations at 25 °C. Coulombic efficiencies of Na plating/stripping in the Cu/Na cells with various NaBPh4/DME electrolytes. ) on Cu in 0.1 M NaFSA/DME and 0.1 M NaPF6/DME. The plated Na in NaFSA/DME is columnar and dendritic, while that in NaPF6/DME is round-shaped and large in size, which is similar to that in NaBPh4/DME (Fig. 4a) . Figure S8 . Wide-scan XPS spectrum of the Na metal plated in 0.1 M NaPF6/DME. The surface composition is similar to that in 0.1 M NaBPh4/DME, but a small amount of F-based compounds was also found. Figure S9 . (a) Na1s Narrow-scan and (b) wide-scan XPS spectra of the Na metal soaked in 0.1 M NaBPh4/DME for 1 h as compared to pristine Na metal.
Figure S10. C1s narrow-scan XPS spectra of the Na metal plated in 0.1 M NaBPh4/DME compared to pristine Na metal. A small amount of O-contained species is present on the plated Na metal. The presence of C-O was reported for the reduction products of ethers (e.g., alkoxides)
[24], although we could not rule out the possibility of oxygen contaminations. Based on this result, we suppose that the surface of Na metal is stabilized due to the formation of a very thin DMEderived SEI. number between Na and DME of NaFSA/DME solution. The probability of CIP is approximately 0.93 based on the Boltzmann distribution. Figure S14 . Raman spectra of various Na salt/DME solutions at 0.1 M concentration. The Raman bands at 823 cm 1 and 851 cm 1 are attributed to the vibration of free DME molecules with several conformers, while the band at 865 cm 1 is attributed to Na + -solvating DME molecules. In these dilute electrolytes, it is difficult to analyze the solvation and ion-pair characteristics because their peaks are weak.
